This paper investigates the link between wholesale electricity prices in Europe and the CO 2 cost, i.e. the price of European Union Allowances (EUAs), over the two first phases of the European Union Emissions Trading Scheme (EU ETS). We set up a theoretical framework and an empirical model to estimate to what extent daily fluctuations of CO 2 costs may have impacted electricity prices. Regarding estimation results for the first phase of the EU ETS, about 42% of estimated pass-through rates appear to be statistically significant, while only one third of them are statistically different from zero in the second phase. We try to improve those results by proposing alternative estimates based on the EU ETS compliance periods.
Introduction
The European Union Emissions Trading Scheme (EU ETS) has been in operation since 1 January 2005 and has covered around two billion tonnes of CO 2 emitted by almost 12,000 installations throughout Europe. Among the sectors covered by the EU ETS, the electricity sector is the most important both in terms of European Union allowances (EUAs) received and short net positions (i.e. the gap between the sum of allowances allocated to the electricity sector and its emissions). Since CO 2 allowances can be valued in the markets, power producers add this new cost to their marginal production cost, whether or not CO 2 allowances are distributed free of charge. The pass-through of CO 2 costs increases the electricity equilibrium price in wholesale power markets and creates substantial rents for less carbon-intensive and carbon-free infra-marginal units, i.e. those which generate electricity at a marginal production cost lower than the marginal producer, insofar as the marginal unit is a carbon-emitting power plant. When marginal producers pass through the cost of carbon to their prices they also transmit carbon price signals to the economy, in accordance with the aims of the scheme. Thus, the efficiency of the EU ETS in providing incentives both to power producers and to final consumers depends on whether or not CO 2 costs may be passed through to electricity prices.
The theoretical basis of the CO 2 cost pass-through to electricity prices has been established in the literature, in particular by Sijm et al. (2006b) and Bonacina and Gulli (2007) . Sijm et al. (2006b) remind us that under perfect competition, the passthrough rate of carbon cost, i.e. the "add-on rate" should be 100%. However, the effective pass-through rate in electricity markets, known as the "work-on rate", depends on the demand elasticity and the change in merit order due to the CO 2 cost. Thus the "work-on rate" may be lower than the "add-on rate". Bonacina and Gulli (2007) , develop a theoretical model of carbon cost pass-through under imperfect competition.
They show that in the case of perfect competition, the marginal producer fully integrates the cost of carbon to power prices, while under market power the increase in electricity prices due to carbon pricing is less than 100% unless there is excess capacity and the market share of the greatest polluter is low.
Given this theoretical analysis, there are numerous empirical studies that have evaluated the interactions between energy and carbon markets during the first phase of the EU ETS. Overall, three different approaches have been used in the literature. First, the price drivers approach (Hintermann, ten European countries, accounting for almost 80% of the electricity generation from fossil fuels in Europe. We show that while the impact of the CO 2 cost on electricity spot prices was relatively strong during the first phase of the EU ETS (2005-07), the economic crisis, and the resulting greater market instability, perturbed the estimates of the carbon cost pass-through over the second phase . However, with regard to the forward electricity market, which is less driven by short-term events than the spot market, there is clear evidence of carbon cost pass-through to electricity prices over the second phase. Next, taking the compliance periods of the EU ETS instead of calendar years, we can improve the robustness of the regression and thus enhance the accuracy of estimation results. Finally, when we control for exogenous volatility, we show that in some countries at least, power producers passed on the cost of carbon to electricity spot prices in 2008 and 2010 but not in 2009.
The paper is organized as follows. Section 2 expounds the theoretical framework as well as the empirical model of the CO 2 cost pass-through to wholesale electricity prices. Section 3 details the set of data used in the econometric estimations. Section 4 discusses the main results of the empirical estimates of CO 2 costs pass-through. Section 5 provides alternative estimates and in Section 6 we present our conclusions. 3 
Models
We here introduce the theoretical and empirical bases supporting the pass-through of the CO 2 cost to electricity prices under perfect competition.
Theoretical framework: the marginal abatement cost function
Consider a power producer, i, defined by a given technology in a given country, generating an amount of electricity Y i . The electricity price is denoted by p i . Emissions E i result from electricity production and total production can be also defined as a function of emissions, Y i ≡ Y i (E i ). Under perfect competition on all markets the firm's program involves maximizing its profit given by as the loss of profit when pollution is reduced by one unit,
where
We can now introduce a permits market covering a representative firm i. Denoting the price of permit by q, the profit function can be now defined by
whereĒ i represents the allowance allocation of the representative firm i. Thus, for each firm i, we can deduce the demand for permits, i.e. E i ≡ E i (q). It is then easy to determine which firm is a net supplier and which is a net demander of permits by comparing E i (q) toĒ i . Therefore the equilibrium price of permits is a function of emissions, q ≡ q(E i , E −i ). Consequently, the profit function can be written as,
where E −i represents the emissions of other firms. Then (1) is now written as,
where ∂q/∂E i is the marginal effect of permits used on the carbon market. A perfect competition framework means that the producer exhibits non-strategic behaviour.
However, studying CO 2 cost pass-through would imply taking into account the effect of permits use on carbon prices even if we assume non-strategic behaviour. The classical marginal spread is given by the difference between the price and the marginal cost for a variation of production. We obtain
Following Sijm et al. (2008) and using equation (4), the pass-through analysis is given by
where σ = (∂q/∂E i )/(q/E i ) is the elasticity of prices with respect to the emissions of the individual firm i. Thus all pass-through values are possible and depend on the elasticity and the gap between the initial allocation and the permits used. With a positive price elasticity, if the power sector emissions exceed the allowance allocations, E i >Ē i , the pass-through rate will be greater than one. Conversely, if the allowance allocations exceed the power sector emissions,Ē i > E i , the pass-through will be less than one.
Moreover, it may be theoretically possible to try out a negative pass-through rate if positive elasticity is high and if there is a very large gap between the initial allocation E i and emissions E i , i.e. β < 0.
Empirical model: CO 2 cost pass-through
We here develop an econometric model with the aim of empirically estimating the CO 2 cost pass-through rate to wholesale electricity spot prices. 2 The basic equation representing the relation between the price of electricity in the spot market and the cost of fuel and EUA can be expressed as follows,
where Elec represents the price of electricity, α is a constant term capturing stable influences on electricity spreads, F uel is the cost of energy, including thermal efficiency, CO2 the emission cost associated with the production of one MWh of electricity and is an error term. The subscripts l and t represent respectively the load duration period and the observation time, with l=[peak, off-peak], while the superscripts o, c and g represent the marginal combustible used to produce electricity over the load period considered (respectively for oil, coal and gas).
Following the methodology developed by Sijm et al. (2008), we define a single marginal fuel for each country and load period (see Appendix A). We then assume that power producers fully integrate the fuel cost into electricity prices (see Sijm et al., 2006b ). Subsequently, in accordance with equation 6, we explain the variations of the power spread by the underlying changes in CO 2 costs,
Although in spot markets the equilibrium price results from a complex set of technological interactions, for simplicity's sake, we here assume a single marginal technology setting the price throughout the load period considered. This assumption allows us to consider several technologies when estimating pass-through rates. Furthermore, it implies that all other costs and influences are constant over the estimation period (including operation and maintenance costs, demand and capacity scarcity).
In order to account for non-stationarity in price series, we conduct a series of unit root tests. The results show that all spread series are stationary, while CO 2 and energy prices are mostly non-stationary. 3 Finally, given these results and using equation (8),
we construct a first-order autoregressive model, which can be written as follows,
where µ t = ρµ t−1 + t . To empirically estimate CO 2 costs pass-through rates to electricity prices involves estimating the coefficient β by ordinary least squares (OLS).
Data
Because the development of spot markets was one of the first steps towards electricity liberalization in Europe, overall spot prices present sufficiently long and significant times series. Furthermore, as many operations take place every day in physical markets, spot prices serve mainly to assure market balance and are likely to integrate more closely the 3 Results of unit root tests are available upon request to the authors.
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CO 2 cost into electricity prices. In some countries, however, including Spain, Italy and most of the new European member states, electricity forward contracts were launched only a few years ago. Since this paper aims at identifying the changes in patterns of pass-through of the cost of carbon to power prices between Phase 1 and Phase 2 of the EU ETS, in a first approach we decided to base our estimations on spot markets.
Subsequently, an estimation of the CO 2 cost pass-through on forward or futures markets over Phase 2 will complement the spot market analysis.
A wide range of data has been gathered on the trading of electricity, energy and CO 2 allowances in the main marketplaces in Europe over the period June 2005 to April 2011. For electricity spot prices, hourly settlement data of day-ahead exchanges were taken from European power exchanges. For each country, peak and off-peak prices were obtained by taking the average of the settlement price over the country-specific hours.
Overall, peak load hours correspond to the day period from 8 a.m. to 8 p.m., while off-peak periods concern the trading hours from 9 p.m. to 7 a.m. 4 (see Appendix A for a detailed description of country specifications).
Energy prices for oil, gas and coal result from daily spot trades in European mar- Energy Agency (IEA), and fuel efficiency factors used by Sijm et al. (2008) . For the latter, we assume a net thermal efficiency of 35% for coal and oil, 40% for gas-fired steam cycle plants and 55% for combined cycle gas turbine (CCGT) power plants.
Finally, we take the daily settlement prices for CO 2 allowances traded on BlueNext, the largest spot exchange market in terms of volumes traded. CO 2 prices have been converted into euros per MWh using standard emission factors of the Intergovernmental Panel on Climate Change (IPCC) and fuel efficiency factors as described above.
To facilitate the interpretation of the results and cross-country comparisons, we have identified four subgroups of countries depending mainly on the degree of market coupling between them, as well as the marginal fuel considered (Table 1) . 4 The CO 2 cost pass-through
We conducted a first set of estimates of coefficients β based on equation (9) of the EU ETS. However, since these sample periods are quite long, some parameters, which are not taken into account but can be considered as stable in the short term, including operation and maintenance costs, electricity mix and capacity scarcity, could have changed over the period and therefore biased the estimates of the CO 2 cost passthrough. Thus, estimated pass-through rates obtained for each phase of the EU ETS have to be viewed with caution.
Results overview
Overall, we observe that the percentage of CO 2 costs which had been passed on to electricity spreads is almost always higher during peak load periods than off-peak ones.
This result is consistent with those of Sijm et al. (2006 Sijm et al. ( , 2008 and Honkatukia et al. (2006) and suggests that the higher the electricity demand and the utilization rate of generation capacity, the greater the CO 2 cost pass-through. However, given the associated R 2 values, which indicate the proportion of the variance of the dependent variable explained by the fits, it seems that the CO 2 cost explains off-peak periods better than peak ones. This result holds for the two phases of the EU ETS. The principal reason for this unexpected result is that during peak load periods, electricity prices can reach high levels that may be only partially explained by a CO 2 price of 20 euros per tonne.
This result suggests also that during peak load periods these price spikes are mainly due to an increase in generation capacity scarcity.
Regarding estimation results for the three subsamples of the first phase, about 42%
of estimated pass-through coefficients appear to be statistically significant, while only In the first phase, we observe that half of estimated pass-through rates are negative in 2005, but all of them prove to be not significant (Table 2 ). This result could be firstly attributed to the fact that our estimation sample starts in mid-2005, when the first EUA exchanges took place on the spot market, while electricity operators were already able to account for the CO 2 cost, since bilateral trades started a few months earlier.
Then, in some countries, these negative pass-through rates may suggest the allowance allocations effect, in addition to the existence of a transition period (Sijm et al., 2006b ).
In 2006, the first complete year of the sample, 12 out of 20 coefficients are statistically significant and positive, except for the Italian market where similarly to 2005 both peak and off-peak prices seem to be inversely correlated with emission costs. 6 Results for Phase 2 show a high degree of negative but almost never significant pass-through rates,
which represent approximately half of the estimated coefficients. 2009 is an exception as almost all the significant coefficients are negative.
What happened between Phase 1 and Phase 2
While the empirical model provides a relative good and stable outcome in Phase 1, such a relation between electricity prices and CO 2 costs appear to be less evident in the second phase. In particular, a high frequency of negative pass-through combined with a low level of significance indicates a conjectural break in the correlation between prices of power and EUAs as well as in the explanatory power of the CO 2 cost in Phase 2.
There is no doubt that the financial crisis has greatly impacted energy markets. 7 Fuel prices, and consequently electricity prices in wholesale spot markets, have crashed, along with emerging countries' demand for oil. In the meantime, the economic downturn has depressed the activity of energy-intensive industries and thus their electricity demand. This could lead to a decrease in the scarcity of generation capacity in spot markets and a disruption of the CO 2 cost pass-through in three ways. First, since estimates of carbon cost pass-through assume that all other costs and influences are stable over time, a decline in the rate of capacity utilization may result in a mis-estimation of the pass-through coefficients. Second, in a period of turmoil, the opportunities for power producers to passed on the cost of CO 2 may have been weaker. This appears to be particularly true, since the demand for electricity followed a downward trend, suggesting that power producers were less likely to increase demand depression by adding the opportunity cost of freely allocated allowances. Subsequently, electricity prices over Phase 2 seem to have been driven more by the decrease in the scarcity of generation capacity. Thirdly, the decrease in CO 2 emissions of the European power sector subsequent to the economic crisis may have induced some allowance effect. Indeed, according to our theoretical framework (equation 6), a situation where allowances exceed emissions (E i −Ē i < 0) could in some countries lead to negative pass-through rates.
Alternative estimates of CO 2 cost pass-through
In this section, we first provide an estimation of the carbon cost pass-through on electricity forward markets with the aim of emphasizing to what extent they have been impacted by the economic crisis. We then propose alternative ways of estimating CO 2 cost pass-through rates to electricity spot prices and accounting for the incidence of both the compliance periods and exogenous volatility on the estimation outputs.
CO 2 cost pass-through to forward electricity prices
The analysis of the link between EUA prices and wholesale electricity spot prices showed that in the second phase, the estimation of the CO 2 cost pass-through was perturbed by variations in the electricity demand and capacity scarcity, as well as by the volatility of energy prices. In order to test this hypothesis, we estimated the CO 2 cost pass-through on forward markets given different maturities. 8 As forward price series prove to be nonstationary, we estimate the CO 2 cost pass-through on forward markets by taking the first differences of the series: Since there is clear evidence of carbon cost pass-through on forward markets, one question is whether the non-correlation between EUAs and spot prices in 2009 is specific to the carbon market or, on the contrary, lies in the functioning of the electricity spot markets. In order to test the latter assumption, we estimate the extent to which electricity spot prices are linked to the corresponding forward prices over the second phase (Table 3 ). In comparison to 2008, the correlation between spot and forward prices proves to be very weak in 2009, except for Poland and the United Kingdom. These correlations continue to decline in 2010 in almost all the coal countries belonging to groups 1 and 3.
Thus, the results of estimates of carbon cost pass-through rates to spot prices in Phase 2 seem to be more likely due to the underlying dynamics of the electricity markets and to the behaviour of energy prices on international markets rather than to the CO 2 market. 
Compliance periods
As far as the estimates concern spot markets, there is in principle no reason to consider calendar years when estimating the pass-through of carbon costs, since there is no maturity effect. In addition, calendar years are not very appropriate to the analysis of the carbon market, since in the EU ETS the institutional calendar plays a great role in market functioning. In particular, allocation and compliance periods, which occur respectively at end-February and end-April of each year, strongly impact the EUA price.
In order to empirically test this assumption, we perform unit root tests with structural breaks based on Zivot and Andrews (1992). Figure 1 shows that the EUA price for 2009
has an estimated break point on 31 March. Similar results were found for the other years of the sample, which tends to support the view that compliance periods play a significant role in EUA price patterns. Therefore we resample the data based on "compliance periods" (Figure 2 ) and provide a second set of pass-through estimates given these new subsamples. 
Compliance periods with adjusted samples
Electricity spot prices in Phase 2 prove to be highly volatile. For instance, on the In order to control for extreme values and get the most suitable set of data, we drop 5% of the observations from both sides of the clean spread distribution and estimate the pass-through rate of the carbon cost over the remaining 90% (Figure 3 ).
Combining the compliance effect with the sample adjustment allows us to improve the estimates of the carbon cost pass-through over the second phase (Table 5) . For all the countries considered, this last set of estimates presents a higher degree of statistical significance overall, a lower range of pass-through values and a smaller share of significant negative coefficients. Hence, over the second period as a whole, almost all the estimated coefficients of carbon costs pass-through are positive and statistically significant. Major exceptions concern the Nordic area and Italy, both during peak load and off-peak load periods, and Spain and Poland respectively during peak load and off-peak load hours.
In these countries, we can reasonably conclude that carbon costs were not yet passed through on spot markets over the second phase of the EU ETS. there is no empirical relation between the price of electricity and the price of carbon allowances. Second, the estimated pass-through coefficients for the compliance year 2010 appear to be positive and significant in most of the countries belonging to groups 1, 2 and 3. This finding is consistent with the intuitive result, derived from the analysis of the forward market, which suggests that a conjectural break occurred on the spot market. It tends also to confirm the effect of the economic crisis on the carbon cost pass-through.
Conclusion
While the impacts of allowance prices on wholesale electricity spot prices have been well established for the first phase of the EU ETS, the relationship between CO 2 costs and marginal costs of electricity seems to be less evident over the second phase. Due to the global financial downturn in particular, all the countries in the four groups showed no empirical evidence of cost pass-through over 2009.
We have shown that this is mainly due to the shocks that have occurred in energy and electricity spot markets since the beginning of the second phase. First, the financial crisis ended the continuous rise of energy prices, which had started a few years previously in international markets. As energy prices are the main drivers of electricity prices, the economic crisis also heavily impacted wholesale electricity markets and increased market instability and price volatility. Second, the economic downturn reduced the activity of energy-intensive industries and thus led to lower electricity demand. As a result, power producers were less able to pass through the cost of carbon in the presence of increasing excess of generation capacity. Finally, as suggested by the theoretical framework, the resulting lower level of carbon emissions may make power producers less likely to pass through the cost of freely allocated allowances.
These changes have disrupted the detection of the impact of carbon costs on electricity markets through standard methodologies. The alternative approaches we have developed in this paper have enabled us to enhance the global level of statistical significance as well as the robustness of the carbon cost pass-through estimates. In particular, the compliance effect of the EU ETS combined with the adjustment of the estimation samples indicate that while power producers did not pass on the cost of carbon over 2009, in some countries at least there is clear evidence of CO 2 cost pass-through over the compliance year 2010-11.
One unresolved question is why forward markets seem to have been less impacted by the economic crisis than spot markets and therefore continued to incorporate CO 2 costs over the second phase. Thus a dynamic explanation of the way the economic crisis altered the relationship between spot and forward electricity prices would be an interesting area for further research. In addition, a panel approach, which allows a dynamic representation of carbon costs on electricity markets, could constitute a second way of improving the estimates of carbon cost pass-through to electricity prices. 
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